ABSTRACT -The computerized image analysis of seedlings constitutes an efficient technique to evaluate the quality of seed lots, since it is quick in responding, has a simple execution and reproduction. The goal of this research was to verify the efficiency of the computer image analysis of seedlings to detect vigor differences among broccoli seed lots and compare them with other traditionally used vigor tests. Computerized image analysis were performed by the Seed Vigor Imaging System (SVIS ® ), using 3-day-old seedlings and the results were compared to germination at first count, seedling emergence, accelerated aging and electrical conductivity tests. Evaluations were performed in three experimental periods (before storage, 6 and 12 months of storage at 20 °C and 45-50% RH). A completely randomized design with eight replications of 25 seeds was used. Data were submitted to analysis of variance and means were compared by Scott-Knott test at 5% error probability. It is concluded that it is possible to detect vigor differences among broccoli seed lots by the computerized image analysis of seedlings with SVIS ® , similarly to traditional vigor tests.
Introduction
The production of broccoli seeds (Brassica oleraceae L. var. italica Plenk) tends to follow the plant growth system itself, which is undetermined. This species is characterized by presenting progressive flowering, fruiting and seed ripening throughout its cycle, allowing several harvests during some months of the year. Thus, after the harvest, in the same seeds lot it is possible to find seeds at different ripening stages (Lewis and Welbaum, 1996) . This results in a seed lot with lower vigor, due to the unevenness of the characteristics related to the internal morphology of seeds.
The production of vegetable seeds is carried out by companies that have a high technological level, and aim at selling seeds with a high physiological potential. Thus, it is fundamental to use effective techniques to determine seed vigor, as they allow a reliable estimate of the physiological potential and the identification of differences between lots with similar germination.
Currently, computerized analysis of seedlings have shown high efficiency in the evaluation of seed vigor. One of the first systems proposed for this purpose was developed for the evaluation of lettuce seedlings and it was called Seed Vigor Imaging System (SVIS ® ) (Sako et al., 2001) . The efficiency of SVIS ® has already been demonstrated by researches on the seed vigor evaluation of several species from large crops and vegetables, such as soybean (Hoffmaster et al., 2003; Hoffmaster et al., 2005; Marcos-Filho et al. 2009 ), maize (Hoffmaster et al., 2005; Mondo et al., 2011) , melon (MarcosFilho et al., 2006) , pumpkin (Silva et al., 2014) , eggplant (Silva and Cícero, 2014a) , and tomato (Silva and Cícero, 2014b) .
Considering that the inclusion of new approaches depends directly on the research, image analysis is a recent alternative to help understanding different aspects of seed development, referring mainly to morphological aspects, and providing consistent information quickly and without the influence of the seed analyst's subjectivity (Chiquito et al., 2012; Marcos-Filho, 2015) .
Thus, computerized analyses of seedling images may be promising in determining the physiological potential of seeds from other species that were not contemplated by research yet.
Given the economic importance and the high technology used in the production of broccoli seeds, it is possible to observe a lack of methods determining the vigor of seed lots in a fast and safe way. Therefore, this research was conducted to verify the efficiency of the Seed Vigor Imaging System (SVIS ® ) in detecting vigor differences among broccoli seed lots and to relate the results to those from other traditionally used vigor tests.
Material and Methods
The research was conducted at the Image Analysis Laboratory and Seed Analysis, of the Agriculture College "Luiz de Queiroz", University of São Paulo (LPV/ESALQ/ USP), in Piracicaba-SP, Brazil. Two broccoli cultivars were used, Piracicaba Precoce and Ramoso Santana, represented by ten lots each. Seeds were stored for 12 months in impermeable containers, kept in a controlled environment with a temperature of 20 ± 1 °C and relative air humidity of 45-50%. Evaluations were carried out in three experimental periods: before storage and after six and 12 months of storage.
For the computerized analysis of seedlings, sowing was performed on a sheet of blue blotting paper, previously dampened with a water volume equivalent to 2.5 times the weight of the dry substrate, using plastic boxes (11.0 x 11.0 x 3.5 cm), kept in a germinator, in the dark, under an alternating temperature of 20-30 °C (Brasil, 2009) . The digitalization of the seedling images was performed three days after sowing.
Seedling images were obtained through an HP Scanjet 200 scanner, assembled in an inverted way inside a 60 x 50 x 12 cm aluminum box and the scanning resolution of 300 dpi. The obtained images were analyzed by the Seed Vigor Imaging System (SVIS ® ) software. After the images were processed in the SVIS ® , vigor (VI), seedling development uniformity (UI) and seedling length (SL) indexes were obtained, as described by Hoffmaster et al. (2003) . In order to obtain seedling length, data were converted from pixels to millimeters.
For the seedling analysis, software parameters were adjusted using a combination of growth parameters (70% contribution) and seedling uniformity (30% contribution) and a maximum seedling size equal to 7.0 cm.
During the course of the computerized analysis of seedlings, the water content was determined and germination and vigor tests were performed, as described below. Water content: determined in all evaluations and after the accelerated aging test, by oven method at 105 °C for 24 hours, according to the methodology prescribed in the Rules for Seed Testing (Brasil, 2009). Two 0.5 g replications were used for each lot and the results were expressed as percentage (wet basis). For all other tests, eight replications of 25 seeds were used for each lot. Germination and germination at first count: seeds were distributed on germitest paper, dampened with distilled water in the proportion of 2.5 times the weight of the dried substrate and kept in a B.O.D-type chamber under the alternating temperature of 20-30 °C. Germination at first count evaluations were performed five days after sowing, and the final count was carried out ten days after sowing (Brasil, 2009) . Seedling emergence and emergence speed index: carried out on commercial substrate used to produce vegetable seedlings (Plantmax ® ), in polystyrene trays kept in a greenhouse. Daily counts emerged seedlings were performed up to ten days after sowing and the emergence speed index (ESI) was calculated according to Maguire (1962) . The emergence percentage was determined by the total number of seedlings emerged until the last count. Accelerated aging: 1.0 g of seeds were distributed evenly on aluminum sheets adapted to the broccoli seed size and coupled in a plastic box (11.0 x 11.0 x 3.5 cm) containing 40 mL of distilled water. The capped boxes were taken to an aging chamber (Water Jacketed CO 2 Incubator), where they remained at 42 °C ± 0.3 °C for 48 hours (Tunes et al., 2012) . Afterwards, they were submitted to the germination test and evaluated five days after sowing. Electrical conductivity: the method described by Mello et al. (1999) was used. Seeds with known masses were immersed in 25 mL of distilled water and kept in a B.O.D-type incubator at 25 °C for six hours. The electrical conductivity of the imbibition solution was determined in a DIGIMED-type DM-31 model conductivity meter, and the results were expressed as μS.cm -1 .g -1 of seeds. A completely randomized design was used. Tests of variance and error normality were performed, with no data transformation required. The obtained data were submitted to analysis of variance and the means were compared by ScottKnott test at 5% error probability.
Results and Discussion
The mean water content of the seeds showed little variation in the studied periods. It was lower than 2%; thus, with no interference in the obtained results. After seed aging, the variation among the lots was higher, approximately 10% (Table 1) . However, the observed values are within the expected ones for the species, according to Mendonça et al. (2000) . During the accelerated aging test, small seeds absorb water faster, resulting in a greater variation of the water content (Powell, 1995; Marcos-Filho, 2015) .
For the cultivar Piracicaba Precoce, in the first evaluation period, the best performance as for germination percentage was observed for lots 1, 5, 6, 7, 8 and 9. Lots 6 and 8 presented values below 80% of germination which is less than the required minimum to sell certified broccoli seeds. The lowest germination was observed for lot 2, considered to have the lowest physiological quality (Table 2) .
According to traditionally used vigor tests, for the cultivar Piracicaba Precoce, lots 1, 7 and 9 presented similar behavior, except for the accelerated aging (Table 2) ; they were the ones with the greatest vigor. An intermediate behavior was observed for lots 5, 6 and 8, where there was high variation in the test results.
Among lots 3, 4 and 10, the lot 10 may be classified as Means followed by the same letter in the columns for each cultivar do not differ among themselves by Scott-Knott test at 5% error probability.
"intermediate vigor", while lots 3 and 4 as "low vigor". Lot 2 presented the worst performance in all the vigor tests performed (Table 2) , being classified as having the lowest vigor.
For the cultivar Ramoso Santana, the lots presented four different classes of germination percentage. Lots 1, 4, 5 and 8 had the best performance, with a germination higher than 86%. Lots 3 and 7 presented similar behavior, which placed them in an intermediate position. The worst performance was observed for lots 2, 6, 9 and 10 ( Table 2) .
As for the traditional vigor tests, for cultivar Ramoso Santana, lots 1 and 8 showed the best performance. Other lots presented a high variation, which made it difficult to classify them. However, lots 3, 4, 5 and 7 showed an intermediate behavior, and, even presenting proper values for some vigor tests, the joint analysis of all tests ranked lots 2, 6, 9 and 10 as being of worse performance, characterizing them as of lower vigor (Table 2) .
In some cases, mainly in lots with an intermediate behavior, divergent results are obtained in vigor tests. This raises doubts about their validation to classify some lots. It is important to highlight that each test evaluates different aspects of the seeds. The accelerated aging, for example, expresses seed performance after a period of high temperature and relative air humidity, thus interfering with the storage potential of the lots (Torres and Marcos-Filho, 2003) . The electrical conductivity test evaluates the reorganization capacity of cell membranes so that the more advanced it is the deterioration, slower it is the restructuring during imbibition, thus the greater is the electrical conductivity of the solution the lower is the seed quality (Panobianco and Vieira, 2007) . Therefore, lots of different vigor levels may be classified differently by these tests (Marcos-Filho, 2015) .
As for the computerized analysis of seedling images (Table  2) , the vigor and uniformity indexes, as well as seedling length, were efficient in evaluating the seed vigor of lots from the cultivar Piracicaba Precoce, and allowed their classification in a similar way to the one performed by traditional tests, except for some lots. Thus, lots 1, 7 and 9 were classified as the most vigorous ones. Lots 5, 6, 8 and 10 presented an intermediate behavior, considering that there was variation among the indexes generated by the SVIS ® software. On the other hand, lots 2, 3 and 4 presented the worst performance, being classified as having the lowest vigor (Table 2) .
For the cultivar Ramoso Santana, those classified as the most vigorous by the computerized analysis of seedling images were lots 1, 4, 7 and 8. Lots 5 and 9 showed an intermediate behavior. Lots 2, 3, 6 and 10 were classified as less vigorous (Table 2) .
In the second evaluation period, as for germination percentage, there was a different lot ranking from the one observed in the first evaluation period for the cultivar Piracicaba Precoce. Lots 1, 7 and 9 presented the highest germination percentages and lots 5, 6, 8 and 10 showed an intermediate behavior. These lots, although not presenting the highest germination percentages, are still within the commercialization standards for certified seeds. Lots 2, 3 and 4 showed a lower behavior (Table 3) .
As for vigor tests, lots 1, 7 and 9 showed the best performance in all tests (Table 3) . Intermediate behaviors were observed for lots 5, 6, 8 and 10, while lots 2, 3 and 4 showed lower vigor (Table 3) . Lots were classified in a similar way in the first and second evaluation periods.
For the cultivar Ramoso Santana, in the second evaluation period, germination also presented a different classification than the one observed in the first period. Lots 1 and 4 presented the highest germination percentages. Lots 5, 7 and 8 showed an intermediate behavior, with 88% of germination. For lots 2 and 3, germination was 81 and 79%, respectively. Those presenting the worst performance were lots 6, 9 and 10, with 71, 65 and 69% of germination, respectively (Table 3) .
As for vigor tests, for the cultivar Ramoso Santana, during this evaluation period (Table 3) , it was observed that among the groups with similar germination there was small variation among the results. For example, lots 1 and 4 showed the highest vigor, although for lot 4, a lower performance was observed in the accelerated aging test. Lots 5, 7 and 8 showed an intermediate behavior. Lower vigor was found for lots 2, 3, 6, 9 and 10.
Tests such as the electrical conductivity one, for example, showed sensitivity in the stratification of lots from the cultivar Piracicaba Precoce but was not efficient for the cultivar Ramoso Santana. Seedling emergence, emergence speed index and accelerated aging tests showed similar characteristics among lots from the cultivar Piracicaba Precoce, presenting only small differences. For the cultivar Ramoso Santana, the result variation in these tests was higher among the lots.
As for the computerized analysis of seedling images, in the second evaluation period (Table 3) , it was observed for the cultivar Piracicaba Precoce that lots 1 and 9 maintained the same classification obtained by traditional vigor tests, behaving like the most vigorous lots. However, lot 7 was classified as an intermediate one. All the other lots were classified as having lower performances, based on the values observed among the indexes generated by the SVIS ® (Table 3) . As for the cultivar Ramoso Santana, a different classification was also verified between vigor tests and computerized analysis of seedling images. Only lot 1 showed a higher vigor in relation to the others. Lot 4 was classified as having an intermediate behavior. For lot 7, the intermediate behavior classification was adopted, in which high levels of vigor and uniformity and high seedling lengths were observed; however, these values did not present maximum potential (Table 3) .
The other lots were considered as having lower vigor, given the low or intermediate values observed for seedling vigor, uniformity and length indexes. According to the observed results, it is possible to suggest that lots 6 and 10 presented the worst performance among all analyzed lots (Table 3) .
Thus, it is possible to infer that the computerized image analysis of broccoli seedlings in the second evaluation period provided a proper evaluation of seed vigor, since lot stratification was performed efficiently by the SVIS ® indexes. Marcos-Filho (2015) states that vigor, uniformity and seedling growth indexes are considered consistently comparable to the tests that are traditionally used to evaluate vigor.
In the third evaluation period (Table 4) , for the cultivar Piracicaba Precoce, lots 1, 6, 7, 8 and 9 presented a high germination percentage, even after 12 months of storage. Lot 5, even with a different behavior than the aforementioned ones, still presented a high germination percentage, with 86%. On the other hand, lots 3, 4 and 10 presented lower germination in relation to the aforementioned lots. The worst germination Table 4 . Mean values for germination (G), germination at first count (GFC), seedling emergence (SE), emergence speed index (ESI), accelerated aging (AA), electrical conductivity (EC), vigor index (VI), seedling development uniformity index (UI) and seedling length (SL) tests, observed for broccoli seeds, cultivars Piracicaba Precoce and Ramoso Santana, in the third evaluation period.
performance was observed for lot 2, with 68% germination. In this evaluation period, compared to the traditionally used vigor tests, there was a change in the classification of some lots from the cultivar Piracicaba Precoce in relation to the second evaluation period. As for the cultivar Ramoso Santana, changes in the classification of lots were more significant, suggesting that the storage potential of this cultivar is lower. In this evaluation period, results obtained through vigor tests also presented divergence between tests, mainly for lots with intermediate performances, making the classification of certain lots difficult.
For the cultivar Piracicaba Precoce, lots 1 and 9 presented the best performance in most vigor tests, except for lot 9 in the accelerated aging test. Lot 5, 6, 7 and 8 exhibited an intermediate behavior. As for lot 8, although good results were observed for most tests, the germination at first count and accelerated aging presented lower performances (Table 4) .
Low vigor results were verified for lots 3, 4 and 10, as observed in previous periods. Lot 2 presented the lowest values for germination at first count and accelerated aging tests and high values for electrical conductivity. These lots could be classified as the ones with the worst performance, therefore with the lowest vigor (Table 4) .
Cultivar Ramoso Santana (Table 4 ) presented higher result variation between the evaluation periods. Within each period, the divergence between the vigor test results was also higher, compared to the cultivar Piracicaba Precoce. The classification among lots according to traditional tests was not similar to the one established in the second evaluation period.
Lot 1 presented higher values for germination at first count and accelerated aging, being classified as having higher vigor. Lot 5 presented high results in seedling emergence and emergence speed index tests; however, the observed values for accelerated aging and electrical conductivity were not among the best, so this lot was classified as having an intermediate behavior. Lots 4, 7 and 8 were also classified as intermediate behavior (Table 4) . Lots 2, 3, 6, 9 and 10 presented the same classification that was determined in the first and second evaluation periods, being classified as having lower vigor. As for lots 2 and 3, satisfactory results were observed only for emergence and seedling emergence rate index and for lot 3, low values were observed for the electrical conductivity test. For lots 6, 9 and 10 differences were observed only for the accelerated aging test, in which only lot 10 presented a lower result (Table 4) .
The emergence speed index did not provide lot stratification for the cultivar Piracicaba Precoce. For Ramoso Santana, this test differentiated lots 5 and 8 as being superior to the others, proving to be not adequate for lot classification of broccoli seeds after a long storage period.
As for the computerized image analysis of seedlings, in the third evaluation period, for the cultivar Piracicaba Precoce, there was a different classification compared to the one adopted through traditional tests. Lots 7 and 9 were classified as having the best performance. For lot 1, although high levels of vigor and uniformity were observed and there was a smaller reduction in seedling length. Therefore, this lot did not maintain the same classification of traditional tests, being considered of intermediate vigor (Table 4) .
Lot 6 showed high seedling uniformity, which is a desirable characteristic for vegetables; however, vigor and seedling length values characterized the lot as intermediate performance. Lot 5 showed high seedling uniformity; however, low values for vigor and seedling length indexes characterized it as a lower performance one. Lots 2, 3, 4, 8, and 10 showed lower vigor (Table 4) .
For the cultivar Ramoso Santana (Table 4) , stratification presented a different result from the one highlighted by traditional tests. Only lot 4 stood out as the one with the greatest vigor in relation to the others. Lots 2 and 3 showed lower vigor, and the other ones presented an intermediate behavior.
Considering the results observed in different evaluation periods, it is possible to state that the computerized image analysis of seedlings can be used as an alternative method to evaluate the vigor of different broccoli seed lots. The SVIS ® software was also efficient in the analysis of other species, such as: soybean (Hoffmaster et al., 2003; Marcos-Filho et al., 2009) ; maize (Otoni and McDonald, 2005; Mondo et al., 2011) , cucumber (Chiquito et al., 2012) ; eggplant (Silva and Cicero, 2014a) ; tomato (Silva and Cicero, 2014b) ; melon (Marcos-Filho et al., 2006) , among other species. It is worth highlighting that the computerized image analysis of seedlings is based on seedling growth and uniformity, whereas vigor tests such as accelerated aging, seedling emergence, cold test, and others, do not take into account the size and uniformity of seedling development, since the results are reported in percentages of normal seedlings or emergent seedlings; the differences among evaluation methods may explain the possible differences in lot ranking, especially those presenting intermediate behaviors.
Another important aspect is the speed in obtaining results when using the computerized image analysis of seedlings, which in the case of broccoli seeds, used in this research, can be conducted with seedlings obtained three days after the installation of the germination test.
Conclusion
The computerized image analysis of seedlings, using the Journal of Seed Science, v.39, n.3, p. [303] [304] [305] [306] [307] [308] [309] [310] 2017 Seed Vigor Imaging System, is efficient in evaluating the vigor of broccoli seeds, presenting similarities to the results obtained in other tests that are traditionally used for the same purpose.
